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Received 16 February 2007; accepted 8 April 2007AbstractA series of experimental trials were conducted in a large-scale (5.5 m  16.5 m  1.2 m) mixed-cell raceway (MCR) to evaluate
the effect of nozzle diameter and the rate of bottom-center drain discharge on the magnitude and uniformity of water velocities in the
mixed-cell. Three nozzle diameters, 10, 15, and 20 mm, and three bottom-center flows, 0, 15, and 20% of the system flow rate (64–
257 m3/h), were evaluated. Measurements of water velocities in the mixed-cell were made at 5 cm from the bottom of the tank.
While the nozzle diameter was found to have a highly significant influence ( p < 0.01) on the magnitude of the water velocities, the
percentage of bottom flow did not ( p > 0.05). Also, results suggested that uniformity of water velocities in terms of the radial-wise
profile is not affected by either the nozzle diameter or the percentage of bottom flow.
This study indicates that the flux of momentum is the driving force controlling water velocities in a jet-forced circulation vessel,
and therefore jet velocity and nozzle diameter become the main variables to control. It was found that the linear influence of the jet
velocity on water velocities reported in previous studies remained valid provided that the nozzle diameter was maintained constant.
An equation to predict water velocities of the mean rotating flow was derived from the flux of momentum approach and a set of iso-
curves was constructed to predict water velocities as a function of the jet velocity and nozzle diameter. The iso-curves, or directly,
the equation derived, can be used to facilitate the design of a MCR where a particular water velocity is desired.
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A mixed-cell raceway (MCR) is designed to
combine the best characteristics of both circular tanks
and linear raceways by providing uniform water quality,
rapid solids removal, and simplicity of husbandry andAbbreviations: CFD, computational fluid dynamics boundary
cross-sectional area (m2); HDPE, high-density cross-laminated poly-
ethylene; MCR, mixed-cell raceway
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Open access under CC BY-NC-ND licensmaintenance in a single vessel. While the last two
characteristics are inherent in a linear raceway, uniform
water quality and rapid solids removal are dependent
mainly on the magnitude and uniformity of the water
velocity in the mixed-cells.
The rotational flow in mixed-cells of an MCR is
created by the action of submerged water jets directed
either tangentially or perpendicularly to the tank wall
(Watten et al., 2000; Ebeling et al., 2005; Labatut,
2005). Water jets create a momentum flux that breaks
the inertial state of the flow field ahead of the jet,
accelerating the fluid and creating a turbulent mixinge.
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Nomenclature
a net acceleration (m/s2)
A boundary cross-sectional area (m2)
Ao nozzle cross-sectional area (m
2)
ARFCS rotating flow cross-sectional area (m
2)
Cd coefficient of discharge (dimensionless)
Dcell cell characteristic length—diameter (m)
Do nozzle diameter (m or mm)
F net force (N)
g acceleration due to gravity (9.81 m/s2)
h hydraulic head (m)
hcell height of water column (m)
HRT hydraulic residence time of the MCR (s)
m mass (kg)
M net flux of momentum (N)
Mcell flux of momentum of the cell’s rotating
flow (N)
Mo flux of momentum of a single nozzle (N)
no number of nozzles
P power required per volume of water (W/
m3)
Q total system flow rate (m3/s)
Qcell total flow rate entering the cell (m
3/s)
Qo nozzle discharge flow rate (m
3/s)
U net velocity (m/s)
Ucell mean water velocity of the cell’s rotating
flow (cm/s)
Uo nozzle discharge (jet) velocity (m/s)
UR resultant water velocity—experimental
(cm/s)
V water volume in the MCR (m3)
Vcell total water volume of the cell (m
3)
Greek symbols
a proportionality constant (dimensionless)
h pump and mechanical efficiency com-
bined (0.7, decimal)
r water density (kg/m3)layer at the jet boundary. This mixing layer entrains
some of the surrounding liquid and creates the swirling
pattern that leads to mixing of the contents (Patward-
han, 2002).
Although in a jet-forced circulation vessel, such as an
MCR, water velocities are affected by a number of
variables (Labatut, 2005), they are mostly controlled by
the inlet flux of momentum, which is a function of both
the nozzle discharge velocity (jet velocity) and the
nozzle diameter. Past studies, however, have considered
the inlet jet velocity as a single controlling designparameter to achieve specific water velocities (Paul
et al., 1991), while the nozzle diameter has been
disregarded. Yet, when the objective is to determine the
liquid mixing time of jet-mixed tanks, the nozzle
diameter has been extensively considered (Fossett,
1951; Fox and Gex, 1956; Lehrer, 1981; Lane and Rice,
1982; Simon and Fonade, 1993; Orfaniotis et al., 1996;
Grenville and Tilton, 1996).
In addition, homogeneous water quality throughout a
tank can be promoted by maintaining uniform water
velocity patterns. Recent studies in circular tanks
revealed that increasing the bottom-center discharge
flow improved the uniformity of water velocity through-
out the tank (Davidson andSummerfelt, 2004). Similarly,
a higher bottomflow can also promote rapid and effective
solids removal by increasing the water velocity near the
center drain, where higher velocity is needed most to
avoid solids settling and accumulation. Indeed, when no
flow is discharged through the bottom-center drain,
velocities usually approach zero near the center of a
vessel (Davidson and Summerfelt, 2004) favoring
quiescent conditions and causing solids settling.
In this study, the original MCR design (Watten et al.,
2000) was altered to implement the Cornell dual-drain
system (Timmons et al., 1998, 2002; Davidson and
Summerfelt, 2004) as the effluent discharge strategy so
that a fraction of the system flow, e.g., 0, 15, and 20%,
was removed by a bottom-center drain while most of the
flow, e.g., 100, 85, and 80%, respectively, was removed
by two upper-side drains (Ebeling et al., 2005; Labatut,
2005). The objective of this study was to evaluate the
influence of the nozzle diameter and the bottom-center
flow on both the magnitude and uniformity of the water
velocity in an MCR.
2. Methods
2.1. Tank design
The MCR used for experimental analysis was
constructed using structural lumber and covered with
an HDPE liner (Fig. 1) (Ebeling et al., 2005; Labatut,
2005). The MCR measured 5.5 m  16.5 m  1.2 m
(width, length, depth, respectively) and consisted of
three adjacent square cells (5.5 m  5.5 m) each having
an independent counter-rotating hydraulic flow pattern
(Fig. 2). Such hydraulic behavior was produced by
vertical jet port manifolds having five nozzles pointing
to a particular direction, as shown in Figs. 1 and 2
(Labatut, 2005).
The effluent discharge strategy was designed
according to the Cornell dual-drain system (Timmons
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Fig. 1. On the left, the mixed-cell raceway at the greenhouse of the Freshwater Institute. The picture on the right shows a 5-nozzle vertical jet port
manifold in action (top nozzle is capped).et al., 1998, 2002; Davidson and Summerfelt, 2004).
This strategy resulted in a small percentage of the
system flow being removed by a bottom, centrally
located drain in each cell, while the larger percentage of
flow being removed by two upper-side drains located
face to face in each cell’s opposite walls (Fig. 2)
(Labatut, 2005).
2.2. Experimental trials and operating conditions
The influence of the nozzle diameter and the
percentage bottom-center drain discharge on the
magnitude and uniformity of velocities in the mixed-
cells was evaluated. All trials were conducted without
fish present in the tank. In order to evaluate the influence
of the nozzle diameter independently, the nozzle
discharge velocity (jet velocity) was kept constant.
Accordingly, flow rates changed proportionately toFig. 2. Plan view of the mixed-cell raceway configurachanges in nozzle diameter. The jet velocity was held
constant by maintaining a stable hydraulic head as
established by the nozzle equation (Brater and King,
1976):
Uo ¼ Qo
Ao
¼ Cd
ﬃﬃﬃﬃﬃﬃﬃ
2gh
p
(1)
with,
Ao ¼ pD
2
o
4
(2)
where Uo is the nozzle discharge velocity or jet velocity
(m/s), Qo the nozzle discharge flow rate (m
3/s), Ao the
nozzle cross-sectional area (m2), Cd the coefficient of
discharge of the nozzles (0.93, dimensionless) (Labatut,
2005), g the acceleration due to gravity (9.81 m/s2), h
the hydraulic head, i.e., pressure head upstream of the
nozzles (m), and Do the nozzle diameter (m).tion (not to scale). Drawing from Labatut, 2005.
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Fig. 3. Nozzles used in the trials. From left to right (both pictures): 10, 15, and 20 mm diameter nozzles.The Cd of the nozzles was obtained from a series of
flow rate measurements in four jet port manifolds at
different hydraulic heads (Labatut, 2005). The Cd value
of 0.93 reported by Labatut (2005) was consistent with
the values found in literature for this kind of entrance
(Brater and King, 1976). The flow rate of each nozzle
was assumed to be the same and was calculated by
dividing the measured total flow rate by the number of
nozzles being operated (Labatut, 2005). Further details
of the experiment and data can be found in Labatut
(2005).
Three nozzle diameters were evaluated in this study:
10, 15, and 20 mm (Fig. 3). The hydraulic head,
measured relative to the water surface of the raceway,
was held constant at 1.22 m. The theoretical jet velocity
at this hydraulic head was calculated as 4.6 m/s, using
Eqs. (1) and (2). Also, three bottom-center drain
discharges were evaluated: 0, 15, and 20%. These ratios
represented the fraction of the total effluent discharged
through the bottom-center drains.
The experimental design of the study is defined by
the conditions stated above. Pooling together all these
conditions gives the nine different combinations that
were evaluated in this study (Table 1).
Water depth of the MCR during the trials was
maintained at 1.15 m. Based on the MCR dimensionsTable 1
Experimental design of the study was defined by nine different
combinations of operating conditions (C) using a fixed jet velocity
of 4.6 m/s
Bottom-center flow (%) Nozzle diameter (mm)
10 15 20
0 C1 C2 C3
15 C4 C5 C6
20 C7 C8 C9and the water depth, tank water volume was 104.4 m3.
The total flow rate of the MCR was not constant, but
varied according to the different nozzle diameters
tested. The total flow rate was calculated by multiplying
the nozzle flow rate, obtained from Eqs. (1) and (2) at
each nozzle diameter, by the total number of nozzles of
the MCR, i.e., 50. Accordingly, the water exchange rate
was also calculated for each of the three nozzle
diameters and the fixed MCR volume. Power require-
ments for each diameter were obtained through the
following equation (Watten et al., 2000):
P ¼ h r gQ
hV
(3)
where P is the power required per volume of water (W/
m3),1 r the water density (kg/m3), Q the total system
flow rate (m3/s), h the pump and mechanical efficiency
combined (0.7, decimal),2 and V the water volume in the
MCR (m3).
A summary of the constant as well as variable
operating conditions and performance parameters used
in this study is shown in Tables 2 and 3.
2.3. Velocity measurements and analyses
Water velocities were measured 5 cm off the bottom
floor of the mixed-cell 1, over a 0.5 m  0.5 m
horizontal grid (Fig. 4). The 5 cm distance separation
from the bottom was chosen to prevent possible flow
disturbances due the imperfections in the tank’s floor
liner. Velocity measurements were made by using a
SonTek Argonaut-ADV ultrasonic 3D Doppler velocity
meter (San Diego, CA) that reports the magnitude of the1 W = J/s = kg m2/s3.
2 Value from Watten et al. (2000).
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Table 2
Summary of design, operational, and performance parameters of the MCR
Rows of variable parameters are shaded.
(a) Obtained by multiplying the nozzle flow rate by the numbers of nozzles of the MCR (50).
Fig. 4. Velocity measurement sampling point grid. Each intersection (node) in the grid is a sampling point. A total of 89 sampling points on the x–y
plane of cell 1 were measured at 110 cm of water depth (5 cm off the bottom).x, y, and z velocity components and the resultant
velocity magnitude and direction in the x–y plane with a
resolution of 0.0001 m/s and an accuracy of 1%
(0.001 m/s) of measured velocity. The ADV probe hasTable 3
Flow rates (m3/h) discharged through the bottom-center drain for each
of the nine operating conditions evaluated
Nozzle diameter (mm) Bottom-center flow (%)
0 15 20
10 0 3.2 4.3
15 0 7.2 9.6
20 0 12.9 17.2been used in other studies to measure water velocity in
circular tanks (Davidson and Summerfelt, 2004).
The Argonaut-ADV was mounted on an aluminum
transport system and placed over the tank to allow
moving the probe in both vertical and horizontal
directions across the grid (Labatut, 2005). The probe
was oriented in a fixed direction for all measurements,
i.e., the orientation was not changed based on the flow
direction. Velocities of only one half of cell 1 were
measured, since resultant water velocities were
assumed to be symmetric on the x–y horizontal plane
based on previous results obtained by the authors
(Labatut, 2005). The Argonaut-ADV samples 10 times
per second and produces an average x–y resultant
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Fig. 5. Measured water velocities (corresponding to the nodes in this
figure) were averaged for each zone (0, 0–0.5, 0.5–1, 1–1.5, 1.5–2, 2–
2.5, 2.5–2.7, and corners).velocity magnitude (x–y plane) from the measurements
taken within a user-defined time interval. The time
interval was set for 20 s in our trials; therefore, in each
and every sampling point of the grid, the measurement
reported was the average of 80 samplings. Longer
sampling intervals could have been used, e.g., based
upon retention time, but it was considered unnecessary
and cumbersome given the large number of data that
were collected. Thus, a total of 89 sampling points on
the horizontal grid of cell 1 (Fig. 4) were measured for
each of the nine operating conditions.
Experimental data were downloaded into MS
Excel1 (Microsoft Corp.) for processing, plotting,
and analysis. Resultant water velocities for each
diameter and bottom flow were averaged at specific
radial distances from the center to the wall according
to Fig. 5. Velocity values precisely located on the
boundary line of a particular zone were considered to
belong to the zone closer to the cell center. Velocity
values located outside the outer most ring, but inside
the cell, were also averaged and considered to be part
of the corner zone. Plots of the results were created
for each diameter and bottom flow. Multiple regres-
sion analyses were conducted to correlate the nozzle
diameters and bottom flows to the resultant velocities
found in the mixed-cell. A two-way analysis ofTable 4
Mean water velocities and standard deviations (cm/s) at the bottom of mixed-
(n = 89 for each combination)
Nozzle diameter (mm) Exchange rate (volumes/h) Bott
0
10 0.6 10.1
15 1.4 17.2
20 2.5 20.9variance (ANOVA) was performed to test data
differences between the nozzle diameters and
bottom flows used. All statistical analyses were
conducted with Minitab1 release 4 statistical software
(Minitab Inc.).
3. Results and discussion
3.1. Influence of the nozzle diameter and the
bottom-center flow on the magnitude and radial
uniformity of water velocities
The two-way ANOVA revealed significant statistical
differences ( p < 0.01) on the magnitude of water
velocities with respect to the nozzle diameter used;
however, no differences were found ( p > 0.05) on the
magnitude of water velocities with respect to the
different bottom-center flows tested. Table 4 shows the
mean water velocities found near the bottom of mixed-
cell 1 for each of the combinations established in
Table 1. Unfortunately, pumping problems during
combination trial C9 (20 mm nozzle diameter and
20% bottom-center flow) affected the consistency of the
data, and therefore were disregarded. Figs. 6–8 show the
average water velocities at a specific cell radial distance
contrasting the effect of the nozzle diameter for 0, 15,
and 20% bottom-center flows, respectively. Also,
Figs. 9–11 show the average water velocities as
influenced by the different bottom-center flows and
nozzle diameters. As reported in other studies
(Timmons et al., 1998; Davidson and Summerfelt,
2004; Labatut, 2005), a linear relationship between the
water velocity and radius can be observed up to 2.5 m of
the center. Although no statistical differences were
observed, Figs. 9–11 and Table 4 show a weak response
of the water velocities as the bottom-center flow is
increased. In contrast, as shown in Table 4 and Figs. 6–
8, a significant influence of the nozzle diameter on the
magnitude of the water velocities was observed
( p < 0.01). Within the range of nozzle diameters
tested, this influence was well described by a linearcell 1 for each combination of nozzle diameter and bottom-center flow
om-center flow (%)
15 20 Mean
 6.4 10.9  7.0 11.1  6.6 10.7
 11.3 18.7  10.5 18.5  10.4 18.1
 11.6 21.6  11.6 Not used –
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Fig. 6. Radial velocity profile at 0% bottom-center flow for the different nozzle diameters.
Fig. 7. Radial velocity profile at 15% bottom-center flow for the different nozzle diameters.relationship (Eq. (4); Fig. 12).
URðcm=sÞ ¼ 1:09DoðmmÞ þ 0:50;
S:D: ¼ 1:34; R2 ¼ 0:93; p< 0:01;
n ¼ 8; S:E: coef: ¼ 1:81 (4)
where UR is the resultant water velocity (cm/s).
Also, Figs. 6–11 show that the radial uniformity of
the velocities appeared not to be affected by either the
nozzle diameter or the bottom-center flow ratio. ThisFig. 8. Radial velocity profile at 20% bottom-cenobservation was not consistent with the results of
Davidson and Summerfelt (2004) who found higher
water velocities near the center of their circular tanks,
and thus a more uniform radial-wise velocity profile as
the bottom-center flow was incremented. Increased
water velocities near the cell center are also desired to
improve the removal efficiency of settled solids. In this
study, except for the case in which the nozzle diameter
was 15 mm and the bottom-center flow was 20%, all
other operating conditions showed no increase of waterter flow for the different nozzle diameters.
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Fig. 9. Radial velocity profile at 10 mm nozzle diameter for the different bottom-center flows.
Fig. 10. Radial velocity profile at 15 mm nozzle diameter for the different bottom-center flows.velocities near the mixed-cell center. A possible cause
for this discrepancy is that Davidson and Summerfelt
(2004) used velocity measurements of the tank’s full
depth, in contrast to our study that considered only the
velocities near the bottom. In addition, the number of
velocity values averaged towards the center was lower
in our study (Fig. 5), increasing the error associated with
the smaller sample size (n). For example, at 0 m radial
distance the sample size was equal to 1, at 0–0.5 m, itFig. 11. Radial velocity profile at 20 mm nozzle dwas equal to 3, at 0.5–1 m it was equal to 5, and so on.
Based on these data, we cannot be certain on whether
the increase of the bottom-center flow above 15% has an
effect on the radial-wise profile of water velocities.
However, studies conducted using computational fluid
dynamics (CFD) have suggested that there would be
only a slight increase of water velocities in the near
proximity of the mixed-cell center with the increased
bottom-center flow (Labatut, 2005).iameter for the different bottom-center flows.
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Fig. 12. Fitted linear regression of nozzle diameter vs. bottom water velocities (R2 = 0.93). Long and short dot-lines show confidence interval (CI)
and prediction interval (PI) limits at 95%, respectively.3.2. Control of water velocities
Water velocity in a jet-forced circulation tank is
influenced by the fluid properties and the configuration,
dimensions, and operating conditions of the system.
Yet, the variables that actually control the velocity of
water rotation in the tank are those related to the
impulse force created by the jet flow (Tvinnereim and
Skybakmoen, 1989). Such impulse force is based upon
Newton’s second law, which states that if the
surroundings3 exert an external net force F on the
system, the mass in the system will begin to accelerate
as described by Eq. (5):
F ¼ ma ¼ d
dt
ðmUÞ ¼ m dU
dt
(5)
where F is the net force (N), m the mass (kg), a the net
acceleration (m/s2), and U the net velocity (m/s).
In fluid mechanics, Newton’s second law is the
momentum relation, which for a fixed control volume
(CV) can be expressed as follows:
d
dt
ðmUÞ ¼
X
F ¼ d
dt
Z
CV
Ur dV

þ
Z
CS
UrðUÞ dA
(6)
The last term in the right hand side of Eq. (6), the
surface integral (CS), is called the flux of momentum
term, M. Eq. (6) does not include body forces acting
inside the control volume and surface forces acting on
the surface of the control volume, namely, pressure, and3 Surroundings are everything external to the system, and the
system is defined as an arbitrary quantity of mass of fixed identity
(White, 2003).shear and normal viscous stresses. Also, at steady state,
dU/dt = 0, thus Eq. (6) reduces to:
M ¼
Z
CS
UrðUÞ dA (7)
where M is the net flux of momentum (N) and A the
boundary cross-sectional area (m2).
If the cross-section is one-dimensional, U and r are
uniform over the area, after integration, the flux of
momentum results in:
M ¼ ðrAUÞU (8)
Then, for an axial-uniform velocity at the nozzle, we
have:
Mo ¼ rAoU2o ¼
rp
4
ðDoUoÞ2 (9)
where Mo is the flux of momentum through the nozzle
(N) and no the number of nozzles.
Thus, if the surroundings exert a net momentum
about the center of mass of the system, the mass will
begin to rotate, as occurs in the case of a jet-forced
circulation vessel. Then, if the flux of momentum
controls the water velocity of the tank, the variables of
interest according to Eq. (9) are the nozzle cross-
sectional area (i.e., the nozzle diameter) and the jet
velocity. It is shown through this equation that in the
general case of jet flow, the flux of momentum is
proportional to the squared product of jet diameter and
velocity (DoUo)
2, which becomes the primary control-
ling factor affecting observed resultant water velocities.
Previous studies, however, have considered the jet
velocity as a single design parameter to control water
velocities, without taking into account the nozzle
diameter (Paul et al., 1991). These authors have
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proportional to the velocity through the openings in the
water inlet structure, so that:
UR  aUo (10)
where a is the proportionality constant (dimensionless).
Eq. (10) implies that the magnitude of the water
velocities is entirely dependent on the jet velocity.
However, according to Eq. (9) this would be true only if
the nozzle cross-sectional area was maintained at a
constant value. In practice, several studies have
demonstrated that this proportion (a) varies rather
widely. In a circular tank for instance, Timmons et al.
(1998) reported that the magnitude of the water
velocities is generally 15–20% of the jet velocity,
while in MCRs, a has been found to vary from
approximately 3.5–3.7% (Watten et al., 2000; Labatut,
2005) to 8% (Ebeling et al., 2005). Although, as verified
by the results of the present study, the influence of the
nozzle diameter on these differences could be sig-
nificant, the reason for these discrepancies may be also
attributed to differences in configuration, dimensions
and/or operating conditions between the tanks used in
above studies. In addition, differences between the
proportionality constants obtained in circular tanks and
the MCR may be related to the methods used to
calculate a. In circular tanks, a was calculated from the
average water velocity obtained near the side wall,
while the value for a used in this study was computed
from the average water velocity of the entire tank
(Labatut, 2005).
By maintaining the jet velocity constant in all the
trials of this study, it was possible to evaluate the single
effect of the nozzle diameter (and so the flow rate) on
the water velocity. As pointed out earlier, resultant
water velocity in the cell increased significantly
( p < 0.01) and linearly (Fig. 12) by increasing the
nozzle diameter, while the jet velocity was kept constant
at 4.6 m/s. Thereby, the proportionality constant also
changed, and a was found to be 2.3, 3.9, and 4.6% for
10, 15, and 20 mm nozzle diameters, respectively. This
confirms that the proportionality constant, a, in Eq. (10)
is not steady, but varies according to the nozzle
diameter, as described by the flux of momentum
equation of the nozzle, Eq. (9).
3.3. Prediction of water velocities
Experimental results revealed a strong influence of
the nozzle diameter in the mean velocity of the rotating
flow. Additionally, the flux of momentum equation for a
single nozzle (Eq. (9)) indicates that theoretically the jetvelocity has the same significance as the nozzle
diameter. Therefore, an equation for predicting theore-
tical water velocities in a jet-forced circulation vessel
should include the effect of both variables.
The flux of momentum for a rotating flow can be
calculated from Eq. (8) to incorporate the cross-
sectional area and the mean velocity of the rotating flow.
Mcell ¼ rARFCSU2cell ¼ r
Dcell
2
hcellU
2
cell (11)
where Mcell is the flux of momentum of the cell’s
rotating flow (N), ARFCS the rotating flow cross-sec-
tional area (m2), Ucell the mean water velocity of the
rotating flow (cm/s), Dcell the cell characteristic
length—diameter (m), and hcell the height of water
column (m).
Since Conservation of Momentum has to be obeyed,
Eqs. (9) and (11) can be combined to produce:X
Mo ¼ Mcell (12)
no
rp
4
ðDoUoÞ2 ¼ rDcell
2
hcellU
2
cell (13)
Solving for the mean velocity of the rotating flow the
following equation is obtained:
Ucell ¼ DoUo
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
nop
2Dcellhcell
r
(14)
The above equation assumes ideal flow conditions,
i.e., incompressible and inviscid fluid. In addition,
Eq. (14) is sensitive to the influence of the jet velocity
and nozzle diameter, but is independent of the percent
of bottom-flow drainage, such as determined by this
research. The linear dependency of water velocities as a
function of the nozzle diameter (Fig. 12) found in this
study is in agreement with Eq. (14).
The mean velocity of the rotating flow can be
calculated using Eq. (14) with a relatively low error. A
previous study in the sameMCR found an averagewater
velocity of 16.5 cm/s, from 1521 measurements
conducted in the three cells at three water depths
(Labatut, 2005). By using Eq. (14) for the same
operating conditions (i.e., Uo = 4.8 m/s, Do = 15 mm,
h = 1 m), a water velocity of 17.2 cm/s was computed.
The average water velocities found in this study
(Table 4) were obtained near the bottom of the tank.
The water velocities obtained through Eq. (14) repre-
sent the mean value of the rotating flow. However, since
it was found that bottom velocities are 1.15
(S.D. = 0.02) times greater than the mean water velocity
of the MCR (Labatut, 2005), the theoretical velocity can
be increased by a factor of 1.15 to find an approximation
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Fig. 13. Iso-curves for predicting water velocities (cm/s) in theMCR used in this study at different nozzle diameters (mm) and inlet jet velocities (m/
s) based on Eq. (14); note that experimental data showed no statistical impact of percent bottom flow (range of 0–20% of total water flow) on overall
cell velocities measured.of the bottom velocities. Applying this correction factor
on the values obtained through Eq. (14) using the same
operating conditions of this study results in water
velocities of 11.8, 17.7, and 23.6 cm/s for nozzle
diameters of 10, 15, and 20 mm, respectively. These
velocities are not statistically different from those
obtained in this study for the corresponding nozzle
diameters (Table 4) and specific bottom-center flow.
Using Eq. (14), a set of iso-curves of theoretical
water velocities were constructed for jet velocities of 1–
10 m/s and nozzle diameters of 1–35 mm (Fig. 13).
These curves show the existence of a linear relationship
between the nozzle diameter and cell water velocities,
as observed in the experimental data (Eq. (4)). As shownFig. 14. Hydraulic head required in the jet port manin Eq. (14), the iso-curves are sensitive to the influence
of the jet velocity and nozzle diameter, but are
independent of the percent of bottom-flow drainage.
Of complementary use to the iso-curves shown in
Fig. 13 is the hydraulic head curve constructed using
Eq. (1) and depicted in Fig. 14. This figure indicates the
hydraulic head required for achieving the jet velocities
represented in the iso-curves. It can be observed that
while a jet velocity of 6 m/s requires a hydraulic head of
nearly 2 m, jet velocities of 8–10 m/s require pressures
above 4 m, which are very difficult to attain in a low-
head MCR system, but can be easily obtained when the
return flow is maintained under pressurized conditions
by a medium pressure head hydraulic pump.ifolds as a function of the influent jet velocity.
R.A. Labatut et al. / Aquacultural Engineering 37 (2007) 158–170 169The iso-curves depicted in Fig. 13 can be used as a
design tool by predicting water velocities in the MCR at
different operating conditions. As an example, a design
velocity of 25 cm/s to achieve self-cleaning could be
obtained by using a jet velocity of at least 4 m/s and a
nozzle diameter of about 26 mm. Similarly, for a case
where we have the ability to create a higher hydraulic
head (and thus higher velocity) but wewant to reduce our
flow requirements, we could use a jet velocity of 7 m/s
and a nozzle diameter of 15 mm, and create the same
25 cm/s of water velocity. The rationale behind this is
explained by the flux of momentum that dictates the
balance between the jet velocity and the nozzle diameter.
Any combination of nozzle diameter and jet velocity,
which produces the same flux of momentum (Fox and
Gex, 1956), will then produce the same water velocities;
but each combinationwill have a different kinetic energy
flux and, hence power requirement. In other words, the
same result can be achieved by large mass flow at low
velocity as by small mass flow at high velocity, provided
that the product of the two (flux of momentum) is the
same. Therefore, the selection of the most appropriate
alternative will finally depend upon the aquaculture
system’s critical limitations and/or design requirements,
e.g., hydraulic head, flow rate, tank volume, self-cleaning
velocities, water exchange rates, mixing, etc. Additional
derivations fromEq. (14) to determinewater velocities as
a function of the flow rate and the hydraulic residence
time in the MCR are described in Appendix A.
4. Conclusions
Jet nozzle diameter has a significant influence on the
magnitude of water velocities created in a mixed-cell
design. However, it was found that the percentage of
bottom-center flow had no significant effects on the
magnitude of the water velocities produced. Also, no
effects were observed as a result of increasing either the
nozzle diameter or bottom-center flow on the uniformity
of water velocities in the radial-wise velocity profile.
While previous studies have established that the jet
velocity influences water velocities almost linearly, it
was found that this linearity was maintained, provided
that the nozzle diameter remained constant. Also, the
present study suggests that for a constant jet velocity,
water velocities in the mixed-cells seem to follow a
linear trend as a function of the nozzle diameter.
As demonstrated by the flux of momentum equation,
water velocities in a jet-forced circulation vessel are
primarily controlled by both jet velocity and nozzle
diameter. An equation to predict the mean velocity of
the rotating flow was derived from the flux ofmomentum approach. Using this equation, a set of
iso-curves was constructed to predict water velocities as
a function of the jet velocity and nozzle diameter.
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Appendix A
A.1. Predicting water velocities from the flow rate
and hydraulic residence time of the MCR
This appendix contains additional derivations from
Eq. (14) to determine water velocities as a function of
the flow rate and the hydraulic residence time.
If the flow rate or hydraulic residence time (HRT)
required to support a particular carrying capacity are
known, Eq. (14) can be re-written to determine the
rotating flow velocity as a function of the total flow rate
of the system, i.e., MCR.
Ucell ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2QcellUo
Dcellhcell
r
(A.1)
where Qcell is the total flow rate entering a cell (m
3/s).
Here, the system flow rate is defined as the total flow
entering the MCR, i.e., the total flow entering a single
cell multiplied by the number of cells of the MCR.
Accordingly, the cell flow rate is expressed as follows:
Qcell ¼
X
Qo ¼ noUoAo ¼ noUop
D2o
4
(A.2)
Similarly, as a function of the HRT of the MCR
(same as the HRT of a single cell), we have:
Ucell ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2UoDcell
HRT
r
(A.3)
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HRT ¼ Vcell
Qcell
(A.4)
and,
Vcell ¼ D2cellhcell (A.5)
where HRT is the hydraulic residence time of the MCR
(s) and Vcell the total volume of the cell (m
3).
The required system flow rate and rotating flow
velocity can be used in Eq. (A.1) to calculate the jet
velocity, which in turn can be used to determine the
number and/or diameter of nozzles for the particular
system using Eq. (14). Likewise, Eq. (A.3) might be
used to calculate the jet velocity as a function of the
system’s HRT.
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